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BIKINI AND NEARBY ATOLLS, MARSHALL ISLANDS

CIRCULATION SYSTEMS OF BIKINI AND RONGELAP LAGOONS

By WILLIAM S. VON ARX

ABSTRACT

Four and one-half months early in 1946 were spent in the field 
at Bikini and Rongelap Atolls to study the circulation systems 
within the lagoons. Later, in the laboratory, synoptic studies 
were made of kinimatically similar models based on early field 
data. The results of these studies were then tested against 
further observations made in the field. It was found that both 
lagoons exhibited a primary circulation (overturning wind- 
driven circulation) and a secondary circulation (rotary circula 
tion composed of two counter-rotating compartments). The 
direction of the primary circulation and the division between the 
counter-rotating compartments of the secondary circulation were 
always contained in a vertical plane having roughly the azimuth 
of the prevailing wind. The vigor of both circulations varied 
with the average wind strength taken over the previous 24 hours. 
Perturbations of the primary and secondary modes of circulation 
were produced by tides and waves and by the North Equatorial 
Current, which surrounds the atolls of the northern Marshall 
Islands group. Seasonal changes also were noted: the circula 
tion of the winter months, when the northeast trade winds 
prevail, showed a marked stability and strength which was 
lacking in the summer season, when the atolls are on the edge of 
the belt of doldrums.

In addition to the qualitative synopsis of the circulations, 
numerical data are presented in tabular form which show the 
volumetric exchanges of water between the lagoons and the ocean. 
An estimate is made of the rates of refreshment and overturning 
of each lagoon. A chart of the values of horizontal diffusion in 
the surface plane is given for Bikini atoll.

INVESTIGATION

The greater part of the field data for this study was 
accumulated at Bikini Atoll during 4% months residence 
there. The data from Rongelap Atoll were gathered 
in only 6 days. These data are probably more repre 
sentative than the period of observation suggests, for 
the work at Rogelap Atoll was executed by a relatively 
large force and planned in the light of both the experi 
ence gained and the techniques used at Bikini Atoll. 
Neyerthelesss, it should be assumed that all generaliza 
tions and discussions of principle are based upon 
observations made at Bikini Atoll and that they apply 
only to Bikini unless specifically extended to include 
Rongelap Atoll.

Table 1 shows the dimensions of Bikini and Rongelap 
Lagoons. The relatively large size of these lagoons 
prevents synoptic observations of their circulations. 
Therefore, in addition to the field work, 2 months 
were spent in the laboratory to develop a technique

whereby the observations made in the field could be 
reproduced in kinematically similar models. In those 
the circulations could be studied synoptically. Two 
models of Bikini Atoll were built on a scale of 1/100,000 
and one of Rongelap on a scale of 1/150,000. Tt^se 
were placed separately in a flow tank and subjected to 
approximately scaled ocean current, wind, waves, and 
tide. The behavior of each model was adjusted to 
resemble its prototype at all the points observed in the 
field, and the resemblance was assumed to hold for all 
points in between. A total of about 60 stations, com 
posed of more than 100 observations of the vertical 
profile of velocity and repeated profile measurements, 
was available for the Bikini models; 37 vertical profles 
of velocity were available for the Rongelap model. 
Through study of these models and the field data, selec 
tion was made of the most probable circulation 
hypotheses.

TABLE 1.—Comparative physical dimensions of Bikini and 
Rongelap Lagoons

Specification

—— .———do——
——— _-___ __do_ —
—————.do——

——.——do....

Bikini

192
57

13
15
26
M

Ronfelap

8.5
305
80
53
18
9

28
X

Nugent, 1946, p. 748.

OBSERVATIONS

Four sources of energy have been found to drive the 
circulation within Bikini and Rongelap Lagoons: wind, 
waves, tides, and the North Equatorial Current. Most 
of the water motion of the lagoons is produced by the 
stress of the wind on their surfaces. The exchange of 
lagoon water with that of the sea is accomplished in 
winter (the trade-wind season) by the action of tides 
and waves, in summer (the doldrum season) by tides 
and the North Equatorial Current. The change of 
agencies occurs with the seasonal migration of the 
northeast trade-wind belt, which moves northward in 
summer leaving the northern Marshall Islands for the 
most part becalmed in the doldrums. The effect of the

NOTE.—Contribution No. 421 of the Woods Hole Oceanographic Institution.
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266 BIKINI AND NEARBY ATOLLS, MARSHALL ISLANDS

presence or absence of the trade winds is so marked that 
constant reference to them must be made to present the 
field data and circulation hypotheses intelligibly.

The effect of the active forces is determined as much 
by the solid physical structures of the atolls as by the 
forces themselves. Each lagoon is essentially a "lake 
in mid-ocean," cupped in a shallow saucer-like basin 
supported by a solitary mountain peak. From a remote 
vantage point southeast of the atolls they must appear 
somewhat as shown in figure 85. The atoll structures 
rise abruptly from the ocean floor, which in this region 
lies at a depth of about 2,000 fathoms. Between the 
atolls, and sometimes coalescent with them, are 
flat-topped "seamounts", which Hess (1946) has 
described and called "guyots." These fail to reach 
the surface by 600 or 700 fathoms. Both the guyots 
and atolls influence the flow of the North Equatorial 
Current and disturb its westward motion through the 
area. Waves and swells also progress westward through 
the atolls during the trade-wind season and pound 
continuously on the eastern and northern reefs. As a 
result of this pounding and the uneven supply of nutrient 
materials from the sea, the windward reefs, broadly 
speaking, are concave upward and impound water as 
shown in figure 86 while the leeward reefs are convex 
upward.

Along most of the length of the windward reefs there

is a broad water-filled terrace fenced in by the island 
strip on the lagoon side and a cavernous bulwark of 
coral and algae on the seaward side, shown in section in 
figure 86.

The cavernous structure is honeycombed with rooms 
connected to the sea by surge channels (Tracey, Ladd, 
and Hoffmeister, 1948) and (Munk and Sargent 1948). 
Cracks in the arches of the rooms are open to the sky. 
Swell rammed up the surge channels fills the rooms and 
forces water upward through the cracks and cnto the 
terrace. The surface of the water on the tem.ce was 
measured repeatedly by H. J. Turner at a level approxi 
mately 0.5 me'ter higher than the level prevailing in the 
lagoon. In response to this steady head the terrace 
water flows between the islands into the lagoon. At 
Bikini atoll several hundred photographic measurements 
of the trails left by dye bombs dropped on the reef 
from aircraft, show an average inward velocity of flow 
of nearly 50 centimeters per second. The flow is 
continuous throughout the trade-wind season and 
supplies approximately one-third of the volume of new 
water added to the lagoon each day. Durng the 
doldrum season, when the ocean swell is much reduced, 
this inflow becomes negligible or even reversed.

Over the rounded leeward reefs similar aerial observa 
tions of the flow show that the water transport alternates 
with the tides. The leeward reefs are submerged so

~.
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FIGUEE 86.—Rongelap and Bikini Atolls and their surroundings, as they might appear from the southeast were the water removed.
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FIQUEE 86.—Mechanism of continuous inflow across windward island strip.

that waves cross them, but since leeward waves are 
those which have been diffracted around the whole 
atoll, their energey is small and their approach oblique. 
The water driven by the wind along the surface of the 
lagoon toward the leeward reefs causes the flow over 
them to be predominantly seaward. During the 
doldrum season when the wind-driven surface current 
moves more slowly the tidal alternations of flow are 
more symmetrical.

The stress of the wind on the lagoon surface moves a 
layer of water along with it. More than 100 current 
measurements at 34 stations at Bikini Atoll show that 
the thickness of the surface layer changes with the 
strength of the wind from 5 to 20 meters and that its 
speed is very close to 3 percent of the average wind 
speed taken over the previous 12 hours. A charac 
teristic thickness of the surface layer in winter is 13 
meters and its average speed is 25 centimeters per 
second. In summer these values drop to an average 
thickness of 9 meters and a speed of less than 15 
centimeters per second.

Throughout summer and winter in both lagoons the 
volume of water transported in the surface current is 
too great to be exhausted through the leeward passes or 
over the leeward reefs; consequently, some of the water

sinks and returns upwind along the bottom as shown in 
figure 87. The bottom current is much thicker ard 
slower than the surface current. It links the two ends 
of the surface current and produces a closed circulation 
which constitutes the primary overturning circulation 
system found in both lagoons.

The volume of water transported by the bottom cur 
rent is somewhat greater than that carried by tl e 
surface current. When the bottom current reaches tl °> 
lee of the windward reefs the water is forced upward. 
The greater portion finds its way back into the surface 
current, but a small fraction of the upwelling water 
diverges in the lee of the island of Bikini at Bikini Atdl 
and in the lee of Eniaetok (island) at Rongelap AtoU 
and flows in opposite directions along the reef. Measur^- 
ments made at Bikini Atoll show the wind-driven sur 
face layer to be less than 2 meters thick within 3,OCO 
meters of the lee of islands along the windward reef, 
and within 2,200 meters in the lee of open reef. Tl 9 
fetch needed to produce a wind-driven surface current 
of normal thickness has been arbitrarily chosen as tH 
width of the zone of upwelling. The divergent currents 
within this zone and their extensions along the reef con 
stitute the secondary circulation system found in both, 
lagoons.
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THICKENING SURFACE CURRENT

THICK BOTTOM CURRENT 

————"CORAL" ATOLL ———

VERTICAL EXAGGERATION — 42 TIMES
LENGTH OF SECTION — 21 MILES 

DEPTH OF SECTION —— 30 FATHOMS

FIGURE 87.—Nature of wind-driven overturning circulation (schematic).
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FIGURE 88.—Generalized circulation of Bikini Lagoon in winter.
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FIGUEE 89.—Generalized circulation of Rongelap Lagoon under east-southeast winds.

The secondary circulation, shown in figures 88 and 89, 
divides the lagoons into two counter-rotating compart 
ments, which move clockwise in the southern portions 
and counterclockwise in the northern portions. Begin 
ning at the line of divergence in the lee of the windward 
reefs, a longshore current occuping the full depth 
of the lagoon basin can be traced along the reef in 
either direction. Both currents travel about half 
the lengths of the lagoons along the northern and 
southern reefs, respectively. Each longshore current 
is eventually confronted by a salient in the reef which 
turns the current into the body of the lagoon. At 
each of these points the current sinks and becomes 
part of the bottom current where it is indistinguishable 
from the primary circulation system. The vertical 
motions described are made plausible by the nearly 
complete homogeneity of the lagoon water during the 
winter (trade-wind) season. The water structure is 
moderately stable in the summer (doldrum) season, 
hence vertical motions are likely to be less important.

At Bikini Atoll where this mechanism was discovered, 
the southern branch of the longshore current crosses the 
mouth of Enyu Channel. Because the channel is only

14 meters deep the bottom current has little chance of 
access through it to the sea. A current of ocean water 
sweeps around Enyu island and enters the lagoon 
through the eastern third of Enyu Channel at a spee^ 
of 20 to 40 centimeters per second. The southbound 
longshore current heading for the same part of the 
channel at a speed of 15 centimeters per second is forced 
upward and westward by the bend of the reef in the lee 
of Enyu island where it encounters the incoming ocean 
water. The result of this is, hypothetically, the Enyu 
spiral, a slowly overturning stream of water moving 
westward along the southern reef and islands with a 
speed of 20 to 35 centimeters per second. The Enyu 
spiral extends from top to bottom of the lagoon and is 
about 3,000 meters wide. In crossing the mouth 
of Enyu Channel the upper layers of the current 
are bowed in and out with the changing tide. Th^ 
stream is split against Airukiiji island, at the west end 
of Enyu Channel, with a small component escaping into 
the sea at a rate of 35 to 45 centimeters per seconc1 . 
The remainder skirts the intermediate islands and again 
encounters the reef at the sill of Rukoji Pass. Here the 
upper 10 meters of the stream goes out to sea,, and the
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bottom portion is turned northward by the Rukoji sill, 
and eventually eastward by the primary circulation, to 
become part of the normal bottom current. This 
bottom current is gathered from the western third of 
the lagoon, but it is not until it is augmented by the 
remains of the Enyu spiral and its counterpart along 
the northern reefs, which joins the flow at a point half 
way between Yurochi and Namu islands, that it assumes 
its full strength. The introduction of ocean water at 
the Enyu spiral produces water of lower salinity than 
that found elsewhere in the lagoon.

In summer the Enyu spiral probably ceases to exist, 
for under the influence of light southeasterly summer 
winds Enyu Channel becomes a strong source of 
incoming ocean water. This forces a reorganization of 
the secondary circulation system.

The flow through the southwest passes and channels 
is predominantly tidal. Despite the fact that these 
gaps in the reef are direct openings to the sea and tidal 
currents move through them at speeds sometimes 
approaching 150 centimeters per second, they produce 
but little effect upon the lagoon circulation and its 
refreshment rate. This is because the water entering 
the lagoon on the flood tide through a pass does not get 
far from the mouth of the pass before the tide changes 
and draws most of it out again. It is estimated that 
only 30 percent of the water entering a pass on the flood 
tide remains in the lagoon at the completion of the ebb 
tide. This remainder is the quantity which was moved 
away from the influence of the pass by the primary 
lagoon circulation. On the flood tide, currents radi 
ating from the southwestern passes were detected 5,000 
meters inside the lagoon, but not all the water moving 
in response to the flow in the passes comes through 
them; hence, the radius of direct refreshment around 
the passes is probably somewhat less than 5,000 meters.

The southwestern passes at Bikini Atoll were studied 
intensively both from the air and from shipboard. It 
was found that the flow through them was 40 percent 
stronger on the ebb tide than on the flood. This condi 
tion counteracts in part the continuous inflow of water 
over the windward reefs in winter and the inflow through 
Enyu Channel in summer. The current through the 
passes is hydraulically induced by the difference in level 
between the ocean and the lagoon. The ocean rises and 
falls as a simple harmonic oscillator, but the lagoon level, 
restricted by the limited capacity of the passes to trans.- 
port the required volumes and the constant inflow of 
water over the windward reefs, cannot keep in step. 
The lagoon surface probably oscillates through a 
slightly smaller amplitude than the ocean surface and 
is somewhat out of phase in the vicinity of the passes. 
The turn of the current in the passes is 25 minutes later 
than high water in the ocean and 10 minutes later than

low water in the ocean. The duration of slacl" water is 
less than 2 minutes.

The situation is even more marked at Rongelap 
Atoll because the proportion of lagoon volume to the 
cross-sectional area of passes is 3.5 times greater TJiis 
results in a larger head of water between the inside and 
outside of the lagoon during the midstage flood and ebb 
tides, which causes the water to flow much farther into 
the lagoon and take the form of a jet. Observations 
of the flow through three of the passes and simultaneous 
measurements as much as 8,000 meters inside the lagoon 
along the jet showed the arrival of the flooding current. 
Model studies of the same phenomenon indicated the 
length of the incoming column of the largest jet from 
Kaeroga Pass to be 10,000 meters and water to be 
pushed ahead of the jet as far as 12,000 meters from 
the pass. It is expected that the Kaeroga jet returns 
to the sea on the ebb tide considerably less woter than 
would retrace its course through a corresponding pass 
at Bikini Atoll. The circulation through South Pass 
is probably more nearly comparable with the passes at 
Bikini Atoll.

West Pass in the middle of the leeward reef at 
Rongelap Atoll (fig. 89) is unusual in that it is con 
stantly outflowing. It is probably one of the principal 
exits for surface water driven by the wind toward the 
western side of the lagoon. Current poles as much as 
5,000 meters on either side of this pass were drawn 
toward it and eventually passed through it. The cur 
rent speed in the pass has been estimated at between 
250 and 500 centimeters per second.

THE EXCHANGE BUDGETS

Tables 2 to 5 summarize the quantitative results of 
the circulation studies and are based entirely upon field 
observations. Despite the abundance of data on the 
water motions in the lagoon derived from current-meter 
stations, current-pole runs, dye-drift experiments and 
dye-bomb runs, and from secondary evidence based on 
geologic and biologic data, there are a number of im 
portant parameters which have been evaluated by 
means of an inspired guess. These parameters are 
chiefly those needed to convert velocity data ir to trans 
port data and involve estimates, of the average depth 
of water over different reef sections, correction for the 
sinusoidal change of flow of tidal currents, a correction 
for the observed maximum current to average current 
through the channels (Sverdrup and others, 1942), and 
an assumed steady state during the winter months. 
These assumptions are evaluated as follows: Average 
depth of water over the reefs (winter), 100 centimeters; 
correction for flow in passes, Vavg=0.75Vmax ; and cor 
rection for sinusoidal tidal flow, 2/r. A further dis 
tinction in tabulating the data is made for channels and
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TABLE 2.—Calculated flow into and out of Bikini Lagoon in the trade-wind season 
[Positive values denote inflow; negative values, outflow]

Location

Beefs (island to island): 
Bokobyaadaa to Namu _____________ ; ..............
Namu to Yuroehi_. ____________ __ . ...
Aomoen to Bikini _____________ . .................
Bikini to Enyu _______________ ...
Bokobysadaa to West _______________ . ......
West to Bokororyuru. _ . ____________________

Total................................... ....................

Passes: 
Rukoji Pass »„.__.____ ___ . __ . __ ... .....................
Enyu Channel... _________________________

Total..............— ........................................

Channels:

Eukoji Pass » _ ........ ___ . _ . ________ . ___ . .....
Enirik Pass....... ____ . ... __ . ___ . ______ . .....

Total......... ................................................

Corrected total for passes ____________________

Length 
(kilo 

meters)

0.5 
8.4 
9.8 
5.4 
8.5 
6.3

3.5 
15.7

2.0 
.6 
.4

Depth 
(meters)

0)

?
(l) 
0)

8.7 
12.2

29.4 
36.6 
55.0

Velocity (cm/sec)

Tide stage

High

20 
40 
40 
0 
0 

-5

-5 
-2.5

-10 
-5 
-5

Ebb

10 
40 
50 
40 

-15 
-5

-15 
-3.0

-100 
-25 
-25

Low

10 
30 
25 
20 
0 
5

-5 
-2.5

-15 
-5
—5

Flood

25 
45 
40 
30 
20 

5

45 
-2.0

50 
50 
35

Volume (m'/see)

Tide stage

High

130 
4,350 
5,100 
2,100 

0 
-410

11,270

-1,500 
-4r800

-6,300

-5,900 
-1,100 
-1,100

-8,100

-6,100

Ebb

40 
2,700 
3,900 
1,730 

-1,020 
-250

7,100

-4,500 
-5,800

-10, 300

-59,000 
-5,500 
-5,500

-70,000

-33,400

Low

20 
750 
740 
320 

0 
90

1,920

-1,500 
-4,800

-6,300

-8,900 
-1,100 
-1,100

-11,100

-8,300

Flood

100 
3,020 
3,140 
1,300 
1,360 

250

9,170

IF, 700 
-3,800

f,900

2f,400 
11,000 
7,700

4f,100

22,900

i Varies with stage of tide.
* Rukoji Pass, a "composite pass," is subdivided into its component parts.

passes. Passes are broad shallow openings in the reef 
for which Fmax and FaVg are substantially the same; 
channels are narrow V-shaped openings in which bottom 
and side friction have important effects upon the 
measured maximum and average rates of flow. For 
this reason distinctions are made between passes and 
channels, and where composite features exist, as in 
Rukoji Pass, which has a channellike notch .in its sill, 
the flows through the pass and channel portions have 
been separated.

Tables 2, 3, and 4 present data used in computing 
the volume of water involved in a tidal cycle during 
the trade-wind season and show that the volume is 
approximately 1.06X109 cubic meters. The total 
volume of Bikini Lagoon is approximately 28X109 
cubic meters. Thus, 3.8 percent of the lagoon's 
volume is transported into and out of the lagoon per 
tidal cycle. Using this rate it requires about 13 days 
for the lagoon to exchange its own volume with the sea.

TABLE 3.— Tidal transport of water per tidal cycle at Bikini Atoll, 
in trade-wind season

[Net inflow, 786,000,000 cubic meters per day; net outflow, 792,000,000 cubic meters 
per day. Positive values denote inflow; negative values, outflow]

TABLE 4.— Total transport of water in millions of cubic meters per 
tidal cycle at Bikini Atoll, in trade-wind season

Location
Flow, in millions of cubic meters—

Inflow

21 
175 

3 
172 
256

429

1,056

Outflow

1
28

12 
215 

12 
71 
11 

697 
15

1,062

Tide stage

High.... .— ..........

Ebb...— — ..... — ..

Flood...———-—

Duration 
per cycle 
(hours)

0.5

5.8
.5 

5.2

Flow, in millions of cubic meters-

Over reefs

( 21 
( 175 
1 -28 

3
172

Through 
passes

I _„
1 -215

-12 
/ 256 
I -71

Through 
channels

-11 

-697

-15 

} 429

Total

-3

-765

-24 
786

This, however, tacitly assumes that every particle of 
incoming water is retained in the lagoon and every 
particle of water exhausted is lagoon water, whicl is 
inexact if only to the extent that the passes exhaust 
on the ebb tide about 70 percent of the ocean water 
introduced on the previous flood. Thus, the rate of 
exchange should be reduced by an amount which is 
proportional to the ratio of the rate of exchange through 
the passes to that of the "rectified flow" over the re^fs. 
This yields a correction factor of about 3.0, making a 
more reliable estimated rate of exchange with the open 
ocean of 1 lagoon volume in 39 days. This approxi 
mate value is valid only during the trade-wind season 
when a steady state can be assumed. Throughout the 
summer season no prolonged steady state exists, but it 
was found that the flow through the passes is reduced 
50 percent and that over the reefs nearly 80 percent. 
The change in average wind direction from easterly to 
southerly occasionally forces water out of the lagoon
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FIGURE 90.—Horizontal-diffusion rates, in meters per minute at the surface.

over the northern reefs and makes Enyu Channel an 
important source of incoming water. It is estimated 
that the summer average exchange rate is approximately 
half of the winter rate.

The rate of overturning of the lagoon's primary circu 
lation is estimated to be once in about 150 hours for the 
winter season and once in approximately 300 hours for 
the summer season.

The exchange budget for Rongelap Lagoon is based 
upon less extensive evidence consisting of a week of 
summer observations during which a steady state can 
be said to have existed. The measured contribution of 
each pass and estimated contribution of each reef 
section is shown in table 5.

The total volume of Rongelap Lagoon is approxi 
mately 47X109 cubic meters. Thus 2.2 percent of 
the lagoon's volume is transported into and out of the 
lagoon during each tidal cycle. The value is remark 
ably close to that obtained for Bikini Lagoon. The 
winter value may be roughly twice as great.

HORIZONTAL-DIFFUSION RATES

Ten experiments with dye trails and current poles 
were performed at Bikini to measure the rate of lateral 
diffusion on the surface. These data are plotted in

figure 90 and lines of equal diffusion rate drawn 
through them, calculated as the rate of expansion in 
meters per minute of an equivalent dyed spot of water. 
The values are larger wherever the horizontal com 
ponent of the secondary circulation of the lagoon is 
most active. The horizontal expansion of d;^e spots 
was observed through the range 50 to 500 rreters in 
diameter and measured in the direction perpendicular 
TABLE 5. — Transport of water per tidal cycle at Rongelap Atoll in

the season of doldrums 

[Positive values denote inflow; negative values, outflow]

Location

Flow, in millions' of cubic 
meters, at—

N"orthern reefs

Total———. — — — . ———— — — --

Flood

94
20

200
630
44
35

200
-300

923

180
-40

140

1,063

Ebb

-60
-20

-100
-374
-35
-30

-200
-300

-1,110

140
-65

75

-1, 054
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to the local surface current. This is equivalent to a 
coefficient of horizontal-eddy diffusion of from 0.7 x 104 
square centimeters per second for the lower rates of 
spread to 1.8 x 104 square centimeters per second for 
the higher rates assuming a characteristic radius of 100 
meters for the dye spots. These observations apply 
only in the observed range of dimensions and are 
probably to be extrapolated in accordance with the 
"4/3 law" of Richardson (1926). Further data on both 
the horizontal and vertical diffusion processes have 
been examined and described by Munk, Ewing, and 
Revelle (1949).
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BIKINI AND NEARBY ATOLLS, MARSHALL ISLANDS

ADJUSTMENT OF BIKINI ATOLL TO OCEAN WAVES

By WALTER H. MTJNK and MARSTON C. SARGENT

ABSTRACT

Atolls in the trade-wind belt withstand a continuous heavy 
pounding from ocean waves. Against the windward side of 
Bikini Atoll alone it is estimated that waves dissipate 500,000 
horsepower, one-fourth the power generated at Hoover (Boulder) 
Dam. To withstand these forces, the exposed reefs are molded 
into a most effective natural breakwater, consisting of long 
narrow grooves in the seaward face of the reef, and surge chan 
nels on the reef flat. These surge channels are tuned to the 
prevailing wave periods. Their distribution around the reef 
conforms to the distribution in wave activity, which in turn is 
controlled by prevailing winds over the north and south equa 
torial Pacific.

Some of the power of the breaking waves is utilized to maintain 
a water level just inside the surf zone about 1.5 feet above the 
general sea level. The water flows downhill over the reef into 
the lagoon, regardless of the stage of the tide, with an average 
speed of 0.5 to 1.0 knot, but occasionally with speeds up to 4 
knots. The reef as a biological community utilizes this current 
and maintains thereby a wave-resisting and modifying structure.

GROOVES AND SURGE CHANNELS

The features to be described here are best developed 
between Bikini and Aomoen islands (fig. 91), where the 
reef is directly exposed to the waves of the prevailing 
trade winds (Tracey, Ladd, and Hoffmeister, 19*8). 
Grooves cut the seaward face of the reef at fairly regu 
lar intervals (fig. 92) and give it the appearance of a 
series of spurs rising from the debris-covered slops of 
the atoll.

Most of the grooves commence at a depth of 35 to 50 
feet, then run up the reef slope into and through the 
surf zone. At the inner end they may end abruptly or 
be continued as surge channels, or as tunnels vdth 
blowholes under the reef platform. Just inside the

NOTE.—Contribution from the Scripps Institution of Oceanography, New Series, 
No. 698.

EXPLANATION

/#*'

'J»BOKOBYAADAA AOMOEN\

ft
WAVE V 
POWER \

MEAN SEASONAL DISTRIBUTION OF WAVE POWER COMPUTED FROM WIND CHARTS
DEC.-FEB. MAR-MAY JUNE-AUG. SEPT.-NOV.

MEAN SEASONAL DISTRIBUTION OF OBSERVED WAVES
DtC.-F£B. MAR.'MAY JUNE-AUG. SEPT.-NOV.

ENIRIK

FIGTJBE 91.—Distribution of reef grooves and wave power around the reef of Bikini Atoll; the length, width, and spacing of the grooves are proportional to the length, width,

dinate graphs to the right show mean distribution of computed wave power and of observed waves.
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surf zone, around the blowholes and the heads of grooves 
and channels, colonies of Lithothamnion and corals rise 
about 2 feet above the general reef level. The upper 
faces of the spurs are paved with living Lithothamnion 
which present an extremely rough surface. The sides 
of the grooves are covered with projecting, often 
bracketlike colonies. The bottoms of the grooves 
consist of relatively smooth rock and sand.

Between Bikini and Aomoen islands the grooves are 
spaced about 25 feet apart, are about 16 feet deep at 
their inner ends, and vary in width from 3 to 6 feet. 
The grooves play a vital part in the function of the 
coral reef as a breakwater. Near their outer ends, 
which extend to the maximum depth of appreciable 
wave action (see appendix 1), they interfere with the 
normal orbital water motion associated with waves on 
a sloping bottom by "taking the bottom out from under 
the waves"; at the inner end they pursue a "divide and 
conquer" policy. The resulting effect on waves is 
remarkable. To an observer standing on the platform 
just inside the surf zone, the breakers at first appear 
to come crashing down upon him; 2 seconds later the 
wave has virtually disappeared, its momentum con 
verted into a noisy surge which rushes up the channels 
on each side of the platform. Much of the remaining 
energy is spent when the surge meets the backrush from

PREDOMINANT CORAL GROWTH

-SURGE CHANNELS 

GROOVES

the preceding breaker. Wave energy is also dissipated 
by friction along the sides of the grooves and channels , 
where an abundant bracketlike growth of organises 
is found.

The surge channels are properly tuned to the average 
wave characteristics (fig. 92). An average depth of 
15 to 20 feet and a length of about 200 feet (li, in fig. 92) 
between the outer end of the platform (Lithothamnion 
ridge) and the inner ends of the channels correspond 
to a fundamental period of oscillation of 8 seconds, 
which is also the prevailing period of the waves of the 
trade winds (see appendix 2). As a result, the uprush 
of each wave will meet the backrush of the preceding 
wave at approximately midchannel.

DISTRIBUTION OF GROOVES AND PREVAILING WAVE 
DIRECTIONS

The dimensions of grooves around the entire reef of 
Bikini Atoll were estimated from aerial photographs, 
and are designated by arrows on figure 91. The 
spacing s, width w, and otfter length lo (fig. 92) of the 
grooves are designated by the spacing, width, and 
length of the arrows. Photographs of the reef to the 
south of Bikini island were unsuitable for the determina 
tion of the grooves, but it is known that grooves are 
well developed in that area.

LITHOTHAMNION RIDGE

BUTTRESSES (SPUR")

FIDUKE 92.—Generalized sketch of seaward face and top of reef oil windward side of Bikini Atoll. Original by D. B. Sayner.
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The greater length of the grooves with northern 
exposure relative to those with southern exposure is 
due to the steeper slope of the reef to the south (Tracey, 
Ladd, and Hoffmeister, 1948). The absolute depth 
at which the grooves commence appears to be approxi 
mately constant and to extend to the greatest depth 
for which wave action is appreciable (see appendix 1).

The percent of reef area occupied by the grooves 
equals WOw/s. This is plotted as a function of the 
azimuth of the grooves on the polar coordinate graph 
on the left in figure 91. No grooves were found where 
the reef exposure has a westerly component.

The distribution of grooves can be correlated with 
the distribution of wave power around the atoll. The 
polar-coordinate graphs to the right in figure 91 give 
the average seasonal and annual distribution of wave 
power plotted against reef exposure and expressed in 
units of horsepower per foot length of reef.

Wave power was computed as follows: The principal 
generating areas were determined from the "Atlas of 
climatic charts of the oceans" (U.S. Weather Bureau, 
1938); they lie in the trade-wind belts of the north and 
south Pacific. Swell from the "roaring forties" occa 
sionally reaches the northern Marshall Islands but 
will be too low to be significant. The frequencies of the 
prevailing winds in the two main generating areas, and 
of winds from other directions, were determined from 
wind roses on the "North and South Pacific pilot charts." 
The height, period, and * direction of waves reaching 
Bikini Atoll from all directions were then computed, 
following the method for forecasting sea and swell from 
weather maps (Sverdrup and Munk, 1946a). Finally 
the bending of waves around the atoll because of refrac 
tion was estimated (Sverdrup and Munk, 1946b) and 
the wave power computed (see appendix 3).

A rough check of the validity of these computations 
could be obtained from sea and swell observations ap 
pearing in the "Sea and swell charts, northwestern 
Pacific" (Hydrographic Office 10712C). Averages were 
formed for each season, taking into account all observa 
tions in the area between longitudes 160° and 170° E., 
and between latitudes 5° and 15° N. These are pre 
sented by the wave roses in figure 91. The main features 
in the observed wave distribution are in agreement with 
the computed distribution of wave power.

The graph of the annual distribution of wave power is 
based entirely upon the computed rather than the ob 
served wave characteristics, partly because of the small 
number of observations but chiefly because the quality 
of these observations probably is inferior to the quality 
of the computed values.

The diagrams in figure 91 show a significant correla 
tion between the directional distribution of wave power 
and reef grooves. Grooves are restricted to reefs with

a component of exposure to the east, the direction fr-om 
which wave action is pronounced. Owing to wave re 
fraction a small portion of the wave power does reach 
the western sides of the atoll, but there the power dis 
sipated amounts to only a fractional horsepower per 
foot length of reef, and it appears that at least 1 or 2 
horsepower is required for the development of grooves. 
On the eastern half of the reef the average power de 
livered by the waves equals 3 horsepower per foot ler?rth 
of reef, or about 20 hoisepower per groove.

The distribution of grooves reveals a maximum for 
an east-northeast exposure, and a secondary maximum 
for a southeast exposure. These features are associated 
with the principal wave-generating areas in the trr.de- 
wind belts of the north Pacific and south Pacific, re 
spectively. The distribution of wave power reveals the 
same features; except during the summer months the 
effect of the distant south Pacific trade winds is over 
shadowed by the effect of the local trade winds. For a 
corresponding location in southern latitudes the reverse 
should be true, and the distribution should be a mirror 
image of the one found at Bikini Atoll.

The bimodal distribution of grooves points toward a 
wave origin; if the channels were to be attributed to 
direct 'wind action, the development in the southeast 
quarter would be missing.

ECOLOGICAL SIGNIFICANCE OF WAVE ACTION

The mechanisms by which wave action governs the 
growth and distribution of reef-building organisms in 
such a way as to mold the reef cannot be clarified in 
any detail by data in our possession. It is clear in 
general that the reef form represents some kinc1 of 
equilibrium between the erosive or destructive power 
of the waves and the growth potential of the reef- 
building organisms. It is generally apparent that in 
areas where the wave action and hence presumably 
destructive power is greatest, growth of reef builders is 
also most rapid (Yonge, 1940, p. 355, 374). Hence wind 
ward reef faces may be nearly in equilibrium under 
conditions of rapid growth and erosion, leeward ones 
under slow growth and erosion.

The mechanism by which waves promote growth 
has not usually been distinguished from that of currents. 
Water motion induced by the waves has been considered 
to supply nutrients in a broad sense, including gases, 
mineral nutrients, and sometimes participate organic 
matter to the reef organisms. Its importance in re 
moving excreta should also be recognized. That tl ^se 
items can be supplied, or removed, as well by currents 
as by waves has not usually been mentioned, probably 
because most previous work has been done on fringing 
and barrier reefs where transreef currents are small. 
At Bikini Atoll the current across both windward and
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leeward reefs is of the order of one knot (30 to 80 
centimeters per second), and the mass transport of 
water through a vertical square centimeter is about a 
liter every 20 seconds. In the presence of such an 
abundant supply of nutrient-bearing water (in the 
widest sense), some other explanation must be sought 
for the paramount importance of wave action.

In view of the fact that colonies of Lithothamnion 
grow mainly on the wave-beaten edge of the reefs 
although the waters over the whole reef show no im 
poverishment of nutrients, it is suggested that the 
scrubbing action of violently breaking waves is critical. 
Such action might prevent the settling of participate 
matter and the establishment of sessile organisms 
which could interfere with the nutrient supply and 
the waste excretion of the reef builders. The erosive 
action of high-velocity currents has been estimated 
by Hjulstrom (see appendix 1). It is also possible that 
the rapid turbulent motion in breaking waves is effec 
tive because it rapidly renews the film of water in im 
mediate contact with the surface of the reef-building 
organisms. Under these conditions molecular diffusion 
to and from the organism would be entirely eliminated 
as a possible bottleneck. This suggestion is in accord 
ance with the fact that in the cultivation of small 
organisms various degrees of stirring are often impor 
tant. In surf the momentary high velocities in all 
directions may be effective in stimulating the growth 
of reef builders—and of the attached surf zone organisms 
of other localities—even though the net velocity or 
transport of water and its contents across the reef 
over a long period of time is practically zero.

The reasons for the changes in frequency and width 
of grooves and spurs with azimuth are not clear to us. 
The existence of grooves and spurs strongly suggests a 
cellular circulation in the water, whether caused and 
maintained by factors independent of the existence 
of grooves or spurs or maintained by these features 
however originated. Tracey, Ladd, and Hoffmeister 
(1948, p. 873) reasonably propose that the grooves are 
kept open by a riverlike flow of debris from the reef 
above and from adjacent spurs and point to the fact 
that on any vertical plane parallel to the surf zone the 
orbital velocity of water motion is higher on the spurs 
than in the grooves. This is a kind of cellular circula 
tion, but it does not for us throw light on the relation 
between azimuth and groove frequency and width 
evident in figure 91.

HEAD OF WATER AT REEF EDGE

Not all the energy of the incoming waves is dis 
sipated by friction. Some energy is converted into 
potential energy to maintain a water level at the outer 
edge of the reef at about two feet above the mean water

level of the ocean and lagoon water. If the entire 
wave energy were to be consumed in lifting the water 
which flows over the reef, the level of this volume of 
water could be maintained 42 feet above the mean sea 
level (see appendix 3). Therefore only about 5 percent 
of the wave's energy is utilized to raise the water level, 
and 95 percent is dissipated by friction, a large part of 
it within the surge channels.

In designing artificial breakwaters it may be worth 
while to consider the lines of a coral reef. These natural 
breakwaters over a period of thousands of years have 
evolved into structures admirably suited to withstand 
the wave forces. Artificial surge channels have in fact 
been employed on the south coast of the Mediterranean 
in the generation of electricity by means of wave power. 
These channels were relatively wide at their outer end 
and converged gradually toward the inner end. In 
this manner the water level in a reservoir was main 
tained at an average elevation of 40 feet above the mean 
sea level.

WAVE-DRIVEN CURRENTS OVER THE REEF

From the region of maximum elevation the current 
flows into the lagoon under the influence of gravity 
assisted by wind traction. Between Bikini and Aomoen 
islands, the speed is about 1 foot per second, except 
during spring low tides, when the retarding effect of 
bottom friction is disproportionally large, this speed is 
remarkably independent of tide. In the presence of 
obstructions the wave-driven current may give rise to 
striking features. For example, a few days after the 
arrival of the U. S. S. Bowditch a 100-foot channel broke 
through the sandspit at the northwest end of Bikini 
island, and water flowed through this channel in a 
steady stream for almost 6 months.

Currents over the reef were measured by dropping 
dye bombs from planes and taking timed photographs 
of the drifting color patches (Von Arx, 1948). Between 
February and April 1946, while the trade wind? blew 
predominantly from the east-northeast, wave-driven 
currents flowed into the lagoon over the entire eastern 
and northern reefs, adding 3X1014 cubic centimeters of 
water, 1 percent of the entire lagoon volume, during 
each 12-hour interval. During an equal time interval 
the tidal flow—chiefly through the deep southwesterly 
passages—amounted to 2 percent of the lagoon volume. 
Although the oscillating tidal current represented the 
principal component of water exchange between the 
ocean and the lagoon, the one-directional wave-driven 
current is of primary importance to the renewal of 
water jn the lagoon. This renewal was of interest with 
regard to the flushing of radio-active water out of the 
lagoon.
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The wave-driven current is important also for another 
reason. At noon, especially during low tide, the water 
over the reef becomes warmer, more saline, and super 
saturated with oxygen. Upon entering the lagoon, this 
"reef water" may be recognized as a distinct water type. 
The mixing of this water with the lagoon water provided 
a method for computing the rate of vertical diffusion 
(Munk, Ewing, and Revelle, 1949).

DISCUSSION AND CONCLUSIONS

Waves breaking over coral reefs may lead to the 
formation of grooves and the flow of currents over the 
reef. The only other known examples of currents due 
to wave action are longshore currents and rip currents 
caused by waves breaking on gently sloping beaches 
(Munk and Traylor, 1947). Since the waves represent 
an integrated effect of the winds, their energy being 
accumulated during many hours, and over thousands 
of miles, a wave-driven current assures a steadier 
supply of water than a current maintained by local 
winds.

The waves and the wave-driven current may be of 
biological significance in three ways. First, they per 
mit luxuriant growth of JJithothamnion and other 
encrusting coralline algae in situations exposed to the 
heaviest wave action. Second, the current maintains 
a nearly constant supply of mineral nutrients and dis 
solved gases over the whole width of the reef (Sargent 
and Austin, 1949). Third, as noted above, the current, 
which at noon is supersaturated with oxygen, carries 
water into the lagoon.

ACKNOWLEDGMENT

This work represents results of research carried out 
for the Hydrographic Office, the Office of Naval Re 
search, and the Bureau of Ships of the Navy Depart 
ment under contract with the University of California. 
The original of figure 92 was drawn by D. B. Sayner.

APPENDIX 1.—DEPTH OF WAVE ACTION

The average speed of water movement along the 
bottom in water of depth, h is given by

u= sinh \~zr (1)

where H and T are the height and period of the wave 
responsible for the water movement. The wave length 
is given by

i=.^tanh(^ (2) 

where g is the acceleration due to gravity. For a wind

speed of 16 knots, blowing over a long fetch and for a 
long time, the wave height and period equal 7 feet and 
8 seconds, respectively (Sverdrup and Munk, 1946a). 
These figures are in agreement with the observed dimen 
sions of trade-wind waves. Simultaneous solution of 
(1) and (2) leads to the numerical values shown in 
table 1. The outer ends of the grooves fall into a depth 
of about 50 feet, where the average speed due to v^ave 
action is about 1.2 feet per second. The third column 
shows the size of particles which can be eroded by a 
current of speed u, based upon measurements in r'vers 
by Hjulstrom (Trask, 1939, pp. 10-11). According to 
Hjulstrom, ". . . fine sand, which has a diameter of 
0.3 to 0.6 mm, is the easiest to erode, whereas botl silt 
and clay on the one hand and coarse sand and gravel on 
the other require higher velocities." If these conclu 
sions are applicable here, they indicate that no erosion 
can take place for current speeds less than 0.5 feet per 
second—that is, at depths exceeding 100 feet, no matter 
how small the size of the grains,

TABLE 1.—Mean orbital speed on the ocean bottom

Depth A (feet)

50—————————
75———————
inn
125— — — — — —

Speed u 
(ft/sec)

1.2
.8

.3

Size of particles 
which can be 
eroded (mm)

3
1
.05

0)

' No erosion.

At a depth of 50 to 75 feet the reef slope is relatively 
gentle, forming virtually a terrace (Tracey, Ladd, and 
Hoffmeister, 1948). One would be tempted to ascribe 
this "10-fathom terrace" to wave action were it no*/ for 
the fact that it is also found inside the lagoon.

APPENDIX 2.—DIMENSIONS OF SURGE CHANNELS

The speed of a surge in a channel equals approxi 
mately -Jgh, where h is the depth of the water measured 
from the highest point in the surge. For effective inter 
ference the surge must travel a distance of roughly the 
length of the channel during one wave period (fig. 93). 
The corresponding length of the channel equals approxi 
mately T-Jgh. Setting 0=32.2 feet per. second and 
A=15 feet, leads to the values shown in table 2.

TABLE 2.—Length of channels for maximum interference

Period T (seconds)

6—— — ———————.—
8—— — —— — —— ——
10—————————

Length 
(feet)

130
175
220
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t^SXSte^^*?^

DISTANCE FROM EDGE OF REEF, IN FEET 

200 160 120 80 40 0 -40 -80 -120

FIGURE 93.—Breaking wave produces surge which travels up the surge channels, is 
reflected on the upper end, and meets surge from subsequent breaker midchannel; 
surge channels are tuned to the period of prevailing waves.

The wave period in the region of the northern Mar- 
shalls is remarkably constant and falls within the limits 
of 7 to 9 seconds, probably more than 90 percent of the 
tune. Over most ocean areas the period of the signifi 
cant waves varies between such wide limits (probably 6 
to 14 seconds) that resonance for any permanent 
structure would be achieved only a small fraction of the 
time.

APPENDIX 3.—WAVE POWER

The mean energy dissipated by the waves each second

against a unit width of reef is (l/^2ir}pg2H2 T where p 
is the density of water. The transport of water per 
foot width of reef equals hr V where hf is the depth of 
water over the reef, V the corresponding speed of flow. 
If the entire wave energy were to be utilized in raising 
the water flowing over the reef, then

1
327T

P g 2H2T=pgh'Vs, (3)

so that the vertical distance through which the water 
would be raised is

32ir A'F

Setting H=7 feet, T=8 seconds, h' =3 feet, and 
V=l foot/second gives s=42 feet.
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BIKINI AND NEARBY ATOLLS, MARSHALL ISLANDS

SEA TEMPERATURE IN THE MARSHALL ISLANDS AREA

By MARGARET K. KOBINSON

ABSTRACT

Horizontal distribution of average sea temperature, based on 
6,766 bathythermograms in the Marshall Islands area, 20° N.- 
5° S., 155° E.-1750 W. is presented in charts of average temper 
ature for each month, for the surface and for the 200-, 300-, 
and 400-foot levels, together with charts of maximum, mini 
mum and range of average monthly temperatures and the annual 
average for the same depths. Analysis of the temperature 
distribution shown on these charts indicates that there are two 
major seasonal regimes: a summer regime from April to Aug- 
gust, characterized at 400 feet by large-scale cold cells on both 
sides of the Marshall and Gilbert Islands chain; a winter regime 
from October to February, characterized at the same depth by 
a tongue of cold water, at about 8° N., which runs directly 
across the area. Certain conclusions concerning the currents 
can be drawn from the pattern of isotherms shown on the hori 
zontal charts. The Marshall and Gilbert Islands chain appears 
to be a topographical barrier across the Equatorial Current 
system giving lise to large-scale eddies in the North Equatorial 
Current, the Equatorial Countercurrent, and possibly the South 
Equatorial Current. Theie are evidently seasonal changes in 
the position of the currents and in the formation of the eddies. 
There appears to be an eastward flow north and west of the 
Marshall Islands.

Smoothed average-annual-temperature curves for each 
5-degree square in the area are presented for the surface and 
for depths of 100, 200, 300, 350, and 400 feet. The annual 
curves show seasonal cycles not immediately apparent in the 
horizontal charts. North of 10° N. there is a single annual 
cycle for the surface and the 100- and 200-foot curves. South 
of 10° N. a double temperature cycle develops in the same levels. 
This double cycle is also seen in some 5-degree squares south of 
the equator. The curves for the lower levels, which are associ 
ated with the depth of the thermocline, frequently show inverse 
relationships with the surface curves.

Fourteen vertical sections of temperature across the Equato 
rial Currents, based on individual bathythermograph observa 
tions, between Longitudes 163° E. and 120° W., are given. 
These sections show that there are marked differences in the 
width of the Equatorial Countercurrent and in the depth of the 
thermocline in the current boundary zones, going from east to 
west across the Pacific Ocean; and that temperatures inimical 
to coral reef growth in the Eastern Pacific are found in the 
euphotic zone.

Charts of temperature distribution at two different times in 
the 1-degree square surrounding Bikini Atoll for the surface, 
and for the 200-, 300-, 400-, 600-, and 800-foot levels are 
shown. These charts illustrate possible deviatipns from the 
average values of the monthly charts which might be expected 
within a 1-degree square.

NOTE.—Contribution from The Seripps Institution of Oceanography, New Series 
No. 700.

INTRODUCTION

In order to provide an average environmental back 
ground of ocean temperature for the scientific research 
in biology and geology done at Bikini Atoll and in the 
Marshall Islands, this analysis of 6,766 bathythermo 
grams for the area latitude 20° N. to 5° S., longitude 
155° E. to 175° W. has been made. The average- 
temperature distributions based on this analysis can 
also be used to make qualitative inferences about the 
ocean currents in the area.

Temperature and salinity data obtained from Nan^en 
bottles and reversing thermometers in the Marshall 
Islands are insufficient for a detailed picture—of such 
importance to the biologist—of the surface layers of 
the sea at depths of less than 400 feet. On the other 
hand, the accuracy of reversing thermometers cannot 
be claimed for bathythermograph readings. In the 
oceanic area between Hawaii and California average 
temperatures based on these readings were shown 
to have a positive bias of 1.0° F in comparison with 
temperatures measured with reversing thermometers. 1 
The amount of bias in the readings for this area has 
not been accurately ascertained, but visual comparison 
of the temperature distribution in this study with 
that based on reversing thermometer measurements 
(Barnes, Bumpus, and Lyman, ,1948, and Mao and 
Yoshida, 1954) will show the temperatures of this 
study also to be warmer on the average by approxi 
mately 1.0° F. However, average temperatures based 
on bathythermograms give excellent relative pictures 
of temperature distribution at constant level or in 
vertical sections, and absolute temperature values can 
be inferred from comparisons with accurate reversing- 
thermometer data.

The author wishes to express thanks and appreciation 
to Dr. Roger Revelle for his personal assistance and 
beneficial criticisms during the preparation of this 
temperature study.

DISTRIBUTION OF BATHYTHERMOGRAMS

This study is based on 6,766 individual bathythermo 
graph readings taken by U. S. Navy and U. S. Coast

i Robinson, M. K., 1951, Sea Temperature in the North Pacific Area, lat. 20°-40°. 
N., long. 125°-155° W.: Seripps Inst. Oceanography, Reference 51-20, Septembe~ 16, 
1951.
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Guard ships between 1942 and 1951. These bathy- 
thermograms—the photographic reproductions of the 
original glass slide used in the bathythermographs—are 
on file at the Scripps Institution of Oceanography. 
Figure 94 gives the total space distribution of the

TABLE 1.— Time distribution of bathythermograms, by years

observations; figures 95 and 96 give the space dis 
tribution by months. In table 1 the time distribution 
of the data in percentages by years has been tabulated; 
in table 2 the time distribution is given in percentages 
by months.

TABLE 2.— Time distribution of bathythermograms, by months

Year
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SEA TEMPERATURE IN THE MARSHALL ISLANDS AREA

METHOD OF ANALYZING DATA

Temperatures at the surface and at depths of 100, 
200, 300, 350, and 400 feet were read from all bathy- 
thermograms, averaged arithmetically by months and 
by 1-degree squares and entered on base maps of the 
area. Next, all values for each level within each 5- 
degree square (twenty-five 1-degree squares) were 
averaged by months and plotted against tune. Smooth 
annual curves for each level and for each 5-degree 
square were drawn (fig. 97). In several squares, 
where no data are available for certain months, this 
required considerable interpolation. The annual curves 
were checked for consistency by comparing them from 
level to level and by drawing for each month an average 
temperature-depth curve from the annual curve values 
of each 5-degree square. Values for each 5-degree 
square for each month and depth were then read from 
the annual curves and entered on transparent sheets, 
which were used as overlay sheets for charts on which 
the average values for 1-degree squares had been 
entered. The first drawing of the isotherms was made 
on these overlay sheets. Contours were based on the 
average values for 1-degree squares where available; 
where these are lacking, the average values for 5- 
degree squares from the annual curves were used. In 
the final draft, minor irregularities based on values for 
1-degree squares were smoothed out when they ap 
peared to be inconsistent with the over-all picture.

Plates 74, 75, and 76 present the horizontal tempera 
ture distribution by months. Dashed lines (based on 
5-degree squares) have been used to indicate where the 
isotherms are based on values from the annual curves 
shown in figure 97. Solid lines indicate values based 
on one-degree squares. The 100-foot and 350-foot charts 
were eliminated from the final results; values for these 
levels, however, are included in the annual curves 
(fig. 97).

Plate 77 comprises four charts showing average 
temperatures: the maximum average; the minimum 
average; the range of the average; and the annual 
average. These four charts are based on the averages 
for 5-degree squares.

HORIZONTAL DISTRIBUTION OF TEMPERATURE

There are several prominent features in the horizontal 
distribution charts which reflect the presence of the 
North and South Equatorial Currents and the Equa 
torial Countercurrent, as well as the effect of the topo 
graphic barrier across the current systems presented by 
the Marshall and the Gilbert Islands.

Two major seasonal regimes are evident in the hori 
zontal distribution charts: a summer regime from 
April to August, a winter regime from October to

February. March and September are transition months.
These seasonal differences can best be seen by com 

paring the 400-foot charts of the different months. 
At this depth the winter regime is characterized by a 
tongue of cold water, its axis usually at about 8° N., 
which runs directly across the area from December to 
March, but which has a saddle point near the Marshall 
Islands from September to November. During th^se 
months the tongue has a slight southwest trend east of 
the Marshall Islands. From September to December 
there is a warm tongue whose axis points northeast 
through the gap between the Marshall and the Gilbert 
Islands from south of the equator at 155° E. longitude. 
In the vicinity of the Gilbert Islands, from September 
to December, the isotherms bend around to form a cold 
tongue near the equator. North and west of the Mar 
shall Islands, from September to February, there ir a 
warm tongue near 15° N. whose trend is approximately 
eastward. North of this tongue there is a considerable 
decrease in temperature hi the vicinity of Wake Island.

Beginning with April we see a greatly different pat 
tern at the 400-foot depth level. There is a wedge of 
warm water west of the Gilbert Islands extending north 
of the Marshall Islands which divides the southern 
part of the area into two large cold cells. In some 
months the colder water appears within the western 
cell, in others within the eastern cell. During these 
months, as in winter, we find a warm tongue north and 
west of the Marshall Islands, with decreasing temper 
atures near Wake Island.

The surface charts differ markedly in appeararce 
from the 400-foot charts, chiefly because the range of 
temperature at the surface is much smaller than at 400 
feet. But there are also important differences in the 
pattern of the isotherms.

At the surface from September through March we 
find a warm tongue from the southwest whose axis 
extends directly through the island gap and also a 
tongue of cooler water from the northeast whose axis 
generally parallels that of the warm tongue. But while 
the effects of the warm tongue usually are evident 
beyond the gap between the Marshall and the Gilbert 
Islands, the cool tongue tends to be blocked by the 
Marshall Islands. Inspection will show that these 
surface features are displaced relative to then* counter 
parts at 400 feet. During the northern winter there is 
also a cool tongue in the southeast whose axis shifts 
north and south of the equator, but whose approach is 
usually directly from the east. At times the axis is 
directed through the Gilbert Islands, at other times it 
is deflected to the north or south, and in the month of 
January the tongue terminates east of the Gilbert 
Islands. This to.ngue is better defined in the surface
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charts than in the 400-foot charts. It is interesting to 
note that in December the coldest water in the entire 
area at the surface is at the equator at 175° W. longi 
tude. This cool water appears to be associated with 
divergence in the South Equatorial Current. Contrary 
to expectations, it is not evident across the entire area. 
The warm tongue north and west of the Marshall 
Islands shown on the 400-foot charts is also evident at 
the surface during the winter months, but it is more 
variable in position and trend than at 400 feet.

This warm tongue is also present at the surface 
during certain summer months. The main difference 
between the summer and winter regimes at the surface 
is that hi summer the warm tongue from the southwest is 
poorly defined and variable. This warm tongue, which 
also can be seen in the lower-level charts, is thought to 
be associated with convergence between the Equatorial 
Countercurrent and the South Equatorial Current, 
and the cool tongue from the northeast is thought to 
be associated with divergence between the Equatorial 
Countercurrent and North Equatorial Current.

The 200-foot charts are very similar to the surface 
charts because the thermocline is generally below this 
level throughout the area. However at 300 feet 
marked changes begin to occur due to differences in 
thermocline depth within the area, the full effect of 
which is seen on the 400-foot charts described above.

Certain conclusions concerning the currents can be 
drawn from the pattern of isotherms shown on the 
horizontal charts. The Marshall and the Gilbert 
Islands chain appears to be a topographical barrier 
across the Equatorial Current system giving rise to 
large-scale eddies in the North Equatorial Current and 
the Equatorial Countercurrent. There are evidently 
seasonal changes in the position of the currents and 
in the formation of eddies. During some months the 
Equatorial Countercurrent appears to flow directly 
through the gap between the islands. The diagonal 
trend of the isotherms associated with the Equatorial 
Countercurrent confirms the opinion of Sverdrup, 
Johnson, and Fleming (1942), and Mao and Yoshida 
(1954) that the Equatorial Countercurrent may be 
found on both sides of the equator. During some 
months the South Equatorial Current appears to flow 
to the north of the Gilbert Islands, in other months to 
the south of them. The tongue of cool water at the 
equator associated with this current goes beyond 
the islands in some months, but appears to be stopped 
by them in others, indicating an eddy also in the South 
Equatorial Current. The warm water north and west 
of the Marshall Islands appears to be associated with 
an eastward flow found by Barnes, Buinpus, and 
Lyman (1948), and Mao and Yoshida (1954).

The charts on plate 77 show, respectively, the 
maximum, the minimum, and the range of average- 
monthly temperatures and the annual average. Along 
the island chains the average range of temperature at 
and above 300 feet is only about 3° F. Becavse of the 
shifting depth of the thermocliiie, the range at 400 
feet is much greater, rising to 10° F. in the southern 
Marshall Islands.

SMOOTHED AVERAGE-ANNUAL-TEMPERATURE CURVES

In figure 97 are presented smoothed average-annual- 
temperature curves for each of the thirty 5-degree 
squares in the area. As shown in figures 95 and 96 
the numbers of observations on which these curves are 
based differ widely. For example, the curves for the 
three 5-degree squares between 10°-15° N., 155°-160° 
E., 160°-165° E. and 165°-170° E. contain practically 
no interpolations or smoothing, while the lower levels 
of the three 5-degree squares from 0°-5° S., east of 
170° E. are based upon very few observations and 
should be considered as a first approximation only. 
Where a large number of observations were available, 
year-to-year variation and individual erratic values 
would be eliminated from the curves.

Annual-temperature curves show seasonal cycles not 
immediately apparent in the horizontal charts. North 
of 10° N., these curves show a single annual cycle for the 
surface, and at 100 and 200 feet, with minimum tem 
peratures in February and March and maximum tem 
peratures in September and October. However, in 
several squares the temperatures do not increase con 
tinuously from March to October but remain nearly 
constant in June, July and August.

Between 5° and 10° N., the leveling off in June and 
July in the upper levels above the thermocline becomes 
a double cycle with secondary maxima and minima. 
Just as there is a lag in the maximum temperature in 
the north from the time the sun is at its most northerly 
position, there are also marked differences in phase at 
these latitudes between the sun's passage and the times 
of maximum and minimum temperatures. A double 
cycle is also found in some squares south of the equator. 
The two 5-degree squares, 0°-5° N., 155°-160° E., and 
0°-5° S., 155°-160° E., show an anomalous one-cycle 
curve above the thermocline with minimum tempera 
tures in June and maximum temperatures in October. 
The annual range of temperature at the surface is 
only 2.8° F, and here the highest temperatures of the 
entire area are found throughout the year. In this 
area of minimum annual range of temperature the 
effects of the shifting position of the Equatorial Counter- 
current completely overshadow the effects of the sun's 
passage.
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Temperatures at 300, 350, and 400 feet are related 
primarily to the depth of the thermocline and the curves 
for these depths frequently show inverse relationships 
with the surface curves. The 5-degree square, 15°-20° 
N., 170°-175° E., is an example. In this square the 
thermocline is below 400 feet in February and March 
and near 200 feet late in summer.

The curves of the lower levels between 5° and 10° N. 
and, to some extent, from 0° to 5° N. show the dramatic 
results of the shallow thermoclines in the transition zone 
between the North Equatorial Current and the Equa 
torial Countercurrent. It is regrettable that the data 
upon which these curves were based were not so com 
plete as those north of 10° N. It is thus not possible 
to say to what extent these curves represent the aver 
age or typical position of the currents or how much 
they may be biased by the distribution of the data, the 
year-to-year variation, internal waves, and observa 
tional errors.

From 0°-5° S. very few data were obtained in the 
lower levels east of the Gilbert Islands, and these 
curves, which tend to parallel the surface curves, may 
not be valid; however, in the horizontal charts, the 
temperature distribution based on these values appears 
to be consistent with the surrounding values. The 
three 5-degree squares west of the Gilbert Islands were 
based on more data but are quite different one from 
another. If the shapes of these curves, which are rep 
resented as a first approximation, are found to be typi 
cal on the basis of additional data, their differences can 
be explained only as results of the shifting currents.

VERTICAL SECTIONS OF TEMPERATURE ACROSS THE 
EQUATORIAL CURRENTS

Fourteen vertical sections of temperature, based on 
individual bathythermograms, have been selected to 
show differences with longitude. All sections are pre 
sented on the same latitude and depth scale. Plate 78 
shows vertical-temperature sections based on observa 
tions taken aboard the U. S. S. Barton, U. S. S. O'Brien, 
U. S. S. Lqffey, and U. S. S. Blish during Operation 
Crossroads. These records were the only ones available 
within the Marshall Islands area. The remaining sec 
tions in plate 78 and that given in plate 7QB are based 
on observations taken aboard the Fish and Wildlife 
Service Motor Vessels Hugh M. Smith and John E. 
Manning by the Pacific Oceanic Fisheries Investigations 
of the U. S. Fish and Wildlife Service under the direc 
tion of Townsend Cromwell. Plate 78 shows two sec 
tions, at longitude 172° W., giving differences between 
February and July of 1950 at this location; other 
sections in plate 78 and the section in plate 7QB give

the differences for the same period at longitude J 58° W.
Observations given in plate 79 A and D were made from 

U. S. Navy ships on wartime missions. Plate 79(7 is 
based on observations made aboard the U. S. C. G. C. 
Northwind while returning from Operation Highjump 
in the Antarctic. Plate 79E and F is based on observa 
tions taken during the Scripps Institution-U. S. Navy 
Electronics Laboratory Mid-Pacific Expedition of 1950. 
Plate 796? and H is based on observations taken by 
U. S. Navy Electronics Laboratory personnel aboard 
the U. S. S. Serrano. In plate 79 the sections cross the 
currents diagonally as indicated by the longitude 
stations given on the plate.

Although internal waves introduce many irregulari 
ties into the depth of the thermocline and the isotherms, 
in general the depth of the thermocline decreases north 
ward from about latitude 3° to latitude 5° N., reaches a 
minimum depth between latitudes 6° and 10° N., then 
increases in depth again to the north. To the ?outh of 
the region of minimum thermocline depth, or current 
boundary zone, the Equatoiial Countercurrert flows 
east: to the north the North Equatorial Current 
flows west. South of latitudes 3° to 5° N. the thermo 
cline depth also decreases, but in this region of the South 
Equatorial Current the thermocline depths remain 
greater than in the boundary zone to the north. Marked 
differences are seen in the sections from west to east, 
particularly in the width of the Equatorial Counter- 
current and in the thermocline depth in the current 
boundary zone. However, of particular interest to the 
geologist and biologist is the presence of temperatures 
inimical to the growth of coral reefs in the euphotic 
zone in the eastern Pacific and the absence of these 
cold temperatures in the euphotic zone in the western 
Pacific.

TEMPERATURE DISTRIBUTION IN 1-DEGREE 
SQUARE SURROUNDING BIKINI ATOLL

Figures 98 and 99 are based on the 900-foot bathy 
thermograph observations taken during Operation 
Crossroads. Figure 98 gives an average picture of the 
observations taken from May 8th to July 9th, and figure 
99 is based on observations taken between July 20th 
and August 4th. It should be noted that the contour 
interval at the surface and at 200 feet is 0.2° F; at 300 
and 400 feet it is 0.5° F, and at 600 and 800 feet it is 
1.0° F. The temperature range within this are??, above 
the thermocline ranges from 1° F to 3° F, but below the 
thermocline it increases to 10° F. These charts are 
included to indicate the possible deviation from the 
average values of the isotherms in the horizonts 1 charts 
(pis. 74, 75, 76) which can be expected for individual 
observations within a 1-degree square.
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FIGTJEE 98.—Average temperature of water surrounding Bikini Atoll, May 8 to July 9,1946, at the surface and at 200,300, 400, 600, and 800 feet.
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FIOTIBE 99.—Average temperature of water surrounding Bikini Atoll, July 20 to August 4,1946, at the surface and at 200, 300, 400, 600, and 800 feet.
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